Microalgae are an outstanding source of high value products with applications in food, feed or biofuel production. Among these promising organisms, the haptophyte Tisochrysis lutea is commonly used as a feed for shellfish and shrimps in aquaculture. Its capacity to produce high amounts of docosahexanoic acid and storage lipids is also of economic interest for nutrition and energy production. Consequently, understanding its lipid accumulation under nitrogen deprivation is of major interest.
Introduction
Although they account for < 1% of the photosynthetic biomass of our planet, the phytoplankton living in the photic zone of the ocean are responsible for around 45% of annual net primary productivity [1] . Among them, microalgae remain corner-stone species for aquatic ecosystem behaviours. Not only are they at the base of trophic chains, but are also key players in nitrogen, phosphorus or carbon biogeochemical cycles [2] . The number of microalgae species is thought to be as many as 70,000 [3] and evenly distributed in the eukaryotic tree [4] . This broad diversity is a source of a variety of high value compounds that, together with the capacity of microalgae to achieve a greater biomass production from light than terrestrial plants, makes microalgae of outstanding biotechnological interest [5] [6] [7] [8] [9] and has led to the design of many studies to enhance their production of high value products [10] [11] [12] [13] . Among microalgae, haptophytes are distributed worldwide and participate greatly in global climate regulation as a carbon sink [14] . They produce alkenones, long-chain unsaturated methyl and ethyl n-ketones (C37 to C40), which are exclusive to five haptophytes genera [15, 16] and widely used as biomarkers for the reconstruction of marine paleoclimates [16] . The non-calcifying haptophyte Tisochrysis lutea is used in aquaculture as a feed for shellfish and shrimps because of its attractive fatty acid content [17] . Its production of docosahexanoic acid (DHA) and storage lipids is also of interest from nutritional and energy production perspectives [18] [19] [20] . In such a biotechnological context, studying microalgae mutant strains favourable for accumulation of industrial compounds is of primary interest. In particular, studying these strains can help us to better understand the mechanisms underlying interesting phenotypes. Because these key mechanisms are the consequence of genome expression modulation in which Transcription Factors (TFs) are critical players, we sought to identify TFs involved in a given phenotype, as well as their related genes, using network analysis.
This work focuses on the haptophyte microalga T. lutea, for which a mutant strain over-accumulating storage lipids (T. lutea 2Xc1) was selected by UVc random mutagenesis followed by flow cytometry selection for cell storage lipid content [21] . Previous proteomic and transcriptomic analyses revealed that wild type (WTc1) and mutant strains behave differently during early phases of nitrogen starvation, and suggested that proteins involved in carbon homeostasis, lipid metabolism and carbohydrate catabolism are likely involved in lipid accumulation [22, 23] . A previous study investigated the metabolic strain specificities following fine-tuned changes of nitrogen availability, confirming the neutral lipid over-accumulation of 2Xc1, as well as an increase of its carbon accumulation capacity due to an increase in cell carbohydrate content [24] (Fig. 1) .
To get further insight into the regulation of these metabolic changes, we analyzed the transcriptomic data generated during the experiment in [24] . Given the crucial role of TFs to monitor metabolism and their recent identification in T. lutea [25] , we aimed to identify those TFs involved in the mutant phenotype of the 2Xc1 strain of T. lutea, using gene co-expression network construction and analysis. To characterize the putative role of these TF candidates in the establishment of the mutant phenotype, the functional annotation of their coexpressed genes was carried out. To avoid drawbacks due to sparse annotation, phenotypically relevant genes were selected, regardless of their annotation, for their links within network analysis to phenotypic features such as cell storage lipid or carbohydrate content dynamics over time. Such a selection of phenotypic parameters was intended to provide guidance to emphasize genes of interest but also the corresponding TFs and their putative roles in the mutant phenotype. Finally, for the sake of experimental validation, a RT-q-PCR approach was carried out to further characterize the expression profile of two pinpointed TF candidates.
Material and methods

Culture conditions and treatments
Following a previous study protocol [24] , clones of Tisochrysis lutea CCAP 927/14 wild type (WTc1) and mutant CCAP 927/14 (2Xc1) strains were considered. The WTc1 and 2Xc1 clones were grown for 85 days in chemostat at a 0. Once the nitrogen-limited culture reached a steady state characterized by constant physiological parameters, the NaNO 3 injection was made [24] . Such nitrogen repletion conditions induced an increase of cell concentration (CC) and particulate carbon (PC). A N/C ratio increase indicates an uptake of microalgae nitrogen. Then, CC, PC and the N/C ratio maintained a high level and the lack of nitrogen available in the culture medium induced a decrease of this ratio, characteristic of nitrogen depleted conditions. Then, the culture reached a new steady state due to the dilution rate of the chemostat [24] . All these physiological parameters were taken from [24] . The lipid data were obtained using Nile red staining as advised in [26] . Total carbohydrate data were obtained following [27] . Fig. 1 . The physiological state of the two strains was evaluated for the three consecutive steady states (SS1, SS2 and SS3 on each graph) during 85 days of culture [24] . The storage lipid over-accumulation of the 2Xc1 strain was confirmed (a). An increase of cellular carbon of the 2Xc1 strain after each nitrogen spike (b) was shown to be correlated to the cell carbohydrate content (c).
RNAseq library construction and data analysis
Our transcriptomic study is based on six biological samples from this experiment (Pt-27, Pt-83, Pt-90, Pt-117, Pt-125 and Pt-129) for each strain (Table S1 ) [24] . Pt-27 samples correspond to the steady state condition preceding the first nitrogen spike and Pt-117 to the third steady state. Pt-83 and Pt-125 samples correspond to the second and third nitrogen repletions, and samples Pt-90 and Pt-129 correspond to the second and third nitrogen depletions, respectively. These twelve samples were used for transcriptomic sequencing using Illumina technology.
Total RNA was extracted and sequencing was carried out as in [22] . For each sample, raw reads data were filtered using Cutadapt (version 1.0) [28] to remove known Illumina adapter sequences. Reads quality filter (version 1.0.0) was then used to exclude low quality reads, with a quality score threshold of 30 and a minimal length of 75 bases. Read quality was assessed using FastQC software [29] . The 352,199,068 cleaned paired reads were mapped on the reference genome of T. lutea (raw reads at SRA, RUN: SRR3156597) using Tophat2 (version 0.5) [30] and aligned reads for each gene were counted using htseq-count [31] (version 0.3.1) in union mode. Gene expression level was then calculated in Reads Per Kilobase per Million mapped reads (RPKM). A gene with an RPKM value > 1 in at least one of the twelve samples was considered as expressed. Among the 20,582 identified genes in the T. lutea genome, 15,333 were expressed in this study. Genes were annotated using BLAST against the Swissprot database and functional domains were identified using InterProScan as implemented in BLAST2GO [32] . Transcription factors were then annotated using an optimized pipeline [25] .
Weighted Gene Correlation analysis
Based on the 15,333 expressed genes, an unsigned gene co-expression network was built via the WGCNA R package [33] . A soft threshold power β of 16 was used to meet the scale-free topology criterion for optimal clustering. The resulting similarity matrix was turned into an adjacency matrix, which was transformed into a topological overlap matrix (TOM). This TOM-based dissimilarity measure was coupled to average linkage hierarchical clustering using the Dynamic Tree Cut algorithm, resulting in gene module identification. To form more coherent modules, similar modules were merged on the basis of module eigengenes (i.e., the first principal component of a given module representing the expression profile of a co-expression module) using a cut height parameter of 0.25. To identify modules significantly associated with the physiological data, module eigengenes were correlated to lipid and carbohydrate data. The identification of hub genes for each module was carried out using two scores: eigengene-based intramodular connectivity (kME) value emphasizes genes of importance to the module definition, whereas the Gene Significance (GS) pinpoints genes for which expression profiles are correlated with a physiological trait. For the sake of gene classification, a gene was considered as relevant when its GS value was higher than or equal to 0.75 for (i) cell storage lipid or (ii) carbohydrate content dynamic, or its kME value was higher or equal to 0.95, respectively.
Identification of differentially expressed genes and gene co-expression networks
The differentially expressed genes (DEGs) between two strains were identified between samples corresponding to a similar sampling time (for example: the Pt-27 sample for the WTc1 strain vs Pt-27 sample for the 2Xc1 strain). The differential expression was estimated using Gfold V1.1.2, based on the GFOLD value, which was described as more biologically meaningful [34] . A gene with a | GFOLD value| > 2 was considered as differentially expressed.
A gene co-expression network (GCN) was then built for each strain.
One based on RPKM values of the 527 DEGs in the six WTc1 samples, and a second based on RPKM values of the 527 DEGs in the six 2Xc1 samples. GCNs were built using extended local similarity analysis (eLSA) [35, 36] . These directed networks are based on pairwise correlation of a TF expression profile and its co-expressed genes expression profile. Such a link was considered as significant for a Spearman's Correlation Coefficient value higher than 0.8 and a p-value lower than 0.05. The resulting GCNs were visualized and analyzed using Gephi [37] .
RNA extraction and reverse transcription
The samples were centrifuged (20 min, 5000g, 4°C). The supernatant was discarded and the seawater was taken up to remove the salt. The pellets were resuspended in Trizol reagent (Invitrogen, Carlsbad, CA, USA) and chloroform. After centrifugation, the upper phases were collected and 0.5 volume of absolute EtOH was added. The samples were transferred to a column of the RNeasy Plant Mini Kit (Qiagen, Helden, Germany) and the manufacturer's instructions were followed thereafter. A DNase treatment (RQ1 DNase, Promega, Madison, WI, USA) was applied and total RNA was purified using the RNeasy Plant Mini Kit with the RLT buffer and EtOH. The quality and concentration of RNA were determined with a spectrophotometer (ND-1000; NanoDrop Technologies, Wilmington, DE, USA) at 260 and 280 nm wavelengths. The PCR amplification of an RNA sample was used to check for genomic DNA contamination. Total RNA was stored at − 80°C. Reverse transcription of RNA was performed using the High Capacity cDNA Reverse transcription kit (Applied Technologies, Foster, CA, USA) following the manufacturer's instructions.
The q-RT-PCR experiment was performed with Fluidigm Biomark technology. The geometric mean of the normalization using two reference genes, EF1 (translation elongation factor 1 alpha) and GAPDH (Glyceraldehyde-3-Phosphate Dehydrogenase), was then used to calculate differential expression by the 2 − ΔΔCt formula. For MYB-2R_20, MYB-rel_11, PLAAOx, CSAP and Nrt2.1 genes, the differential expression was assessed along the dynamic of a nitrogen spike using the previous steady state as a reference condition. Eight genes representing a broad expression range were selected to evaluate the quality of RNAseq data. We observed an overall correlation r of 0.9 (p-value = 1.47 e
) between RNA-seq and q-RT-PCR experiments, indicating that the RNA-seq results were representative of the transcriptomic profiles (Fig. S1 ). The list of the specific primers used for the q-RT-PCR experiments are listed in Table S2 3. Results
Differentially expressed genes between WT and mutant strains include seven transcription factors
To identify genes related to the mutant phenotype, DEGs between WTc1 and the mutant strain were identified for each of the six experimental conditions of the culture dynamic. From these samples, 527 genes were differentially expressed (Table S3 ) between the two strains in at least one set of experimental conditions sampled using a Gfold fold change value higher than 2 for up-regulation (249 up-regulated genes) and lower than − 2 for down-regulation (278 down-regulated genes). Among these gene regulatory specificities of the 2Xc1 strain, seven were TFs. One TF belonging to the MYB-2R (MYB-2R_14) family and a second TF belonging to the C2C2-GATA (GATA_2) family were not expressed in the WTc1 strain but only in the mutant strain. Given this strain-specific expression, these two TFs are good candidates for understanding the mutant phenotype. Moreover, five TFs belonging to the MYB-2R (MYB-2R_20), MYB-related (MYB-rel_11), NF-YB (NF-YB_2), Fungal-TRF (Fungal-TRF_8) and HB-other (HB-other_9_PAS) families were down-regulated in the mutant strain.
Gene co-expression networks (GCNs) underlying the response of each strain to nitrogen deprivation
Seven TFs (MYB-2R_14, GATA_2, MYB-2R_20, MYB-rel_11, NF-YB_2, Fungal-TRF_8 and HB-other_9_PAS) were differentially expressed in the 2Xc1 strain. They are used in a strain-specific manner to cope with the variation of nitrogen availability, which induced the mutant phenotype. This suggests an important role of these seven TFs in the establishment of the mutant phenotype under nitrogen deprivation. To identify the link between these TFs and the mutant phenotype, a GCN was constructed for each strain using eLSA software [35, 36] that uses co-expression to link TFs to the others DEGs (Fig. 2) . The GCNs were based on the RPKM values of the DEGs between the strains.
The WTc1 GCN is a directed graph with 298 nodes for five TFs and 293 genes linked by 412 edges (density: 0.005). Following the modularity detection implemented in Gephi, the graph was clustered into four gene clusters: green, red, purple and blue in Fig. 2 . Each cluster depicts denser subgraphs. Clusters comprising only one TF (Fungal-TRF_8, HB-other_9_PAS and NF-YB_2) belong to the purple, blue and red clusters, respectively, whereas the green cluster includes both (i.e., MYB-rel_11 and MYB-2R_20).
The 2Xc1 GCN is a directed graph with 349 nodes including seven TFs and 577 edges (density: 0.005). Again, the four clusters are emphasized and show a similar composition of TFs. The purple cluster remains composed of Fungal-TRF_8, whereas the blue one is composed of HB-other_9_PAS. The red cluster that includes NF-YB_2 TF and its coexpressed genes in the WTc1 GCN is extended to the MYB-2R_14 TF in the 2Xc1 GCN. Likewise, the green cluster is extended to GATA_2.
The fact that these genes are co-expressed together suggests that they are co-regulated. Consequently, in order to evaluate the relevance of this clustering, the promoting sequences (1000 bp upstream and 100 bp downstream of the START codon) of each co-expressed genes were retrieved. Then, the AME tool form the MEME suite (Fabian et al., 2010) was used to identify enrichment of known TF binding sites (TFBS) in the promoting sequences of co-expressed genes. If the clustering was relevant, the same TFBS should be enriched in the promoting sequences of co-expressed genes. Moreover, TFs are included in each cluster. Since these are potential regulators of the genes co-expressed with them, more attention was paid to TFBS bond by TFs belonging to the same family than those co-expressed with the analyzed genes.
For the genes co-expressed with the Fungal-TRF_8 TF, the TFBS contained in the JASPAR fungi database [38] were used because this TF family is well characterized in fungi. Three motifs bound by TF from this family were found (RSC30 (uniprot: P38781), RSC3 (uniprot: Q06639) and CHA4 (uniprot: P43634) TFs from Saccharomyces cerevisiae). An alignment of the amino acid sequence of the DNA binding domains (DBDs) of these four TFs revealed that Fungal-TRF_8 is closer to CHA4 (48.15% identity) than to RSC3 (32.14% identity) or RSC30 (30% identity). CHA4 was shown to be involved in serine catabolism allowing the use of serine and threonine as nitrogen source in S. cerevisiae [39, 40] .
For the other TFs, the Arabidopsis thaliana dataset from O'Malley et al. [41] was used to screen the promoting sequences for TFBS enrichment. For the genes co-expressed with the MYB-2R_14 TF, which seems to be linked to cell lipid storage content, two motifs bound by MYB TFs were found (MYB55 (At4g01680) and MYB30 (At3g28910)). These two motifs were also found in the promoting sequences of the genes co-expressed with the NF-YB_2 TF. This is not surprising since 79% of the genes co-expressed with NF-YB_2 are shared with MYB-2R_14. The alignment of the DBDs of these MYB-2R_14, MYB55 and MYB30 showed that the former is closer to MYB30 (36.14% identity) than to MYB55 (32.53% identity). Moreover, MYB30 is known to be involved in very long chain fatty acid synthesis in A. thaliana [42] .
Concerning the green cluster, which seem to be linked to cell carbohydrate content, one motif bound by a MYB-rel TF (At1g18960) was found in the promoting sequences of the genes co-expressed with MYBrel_11 as well as with MYB-2R_20 and GATA_2 TF. This is not surprising since these three TFs shared at least the half of their co-expressed genes in the mutant strain (GATA_2 being only expressed in this strain). Likewise, one motif bound by a GATA TF (GATA1: At3g24050) and four motifs bound by MYB TFs (MYB83: At3g08500, MYB94: At3g47600 and MYB15: At3g23250) were found in the promoting sequences of the genes co-expressed with MYB-rel_11, MYB-2R_20 and GATA_2 TFs. The alignment of GATA_2 DBD to that of GATA1 showed 42.86% identity and the DBD of MYB-rel_11 was 41.46% identical to that of AT1G18960. Concerning MYB-2R_20 TF, the closest TF was MYB83 Fig. 2 . Representation of the differentially expressed gene regulatory network of T. lutea WTc1 and 2Xc1 strains using Gephi. In these directed networks, each node is a gene, with the TFs labeled with their name. Each edge links a TF to its co-expressed genes based on co-expression. The node size for each TF is set according to their modularity (the number of co-expressed genes). The two TFs framed in red in the 2Xc1 GCN are only expressed in this strain. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (45% identity) and, interestingly, this TF is involved in polysaccharide synthesis in A. thaliana [43] .
WGCNA-based gene prioritization overcomes the lack of functional annotation
The purpose was then to evaluate the function of the TFs and their putative role in the mutant phenotype. An efficient strategy to assign a putative function to an unknown gene consists in analyzing annotations of the set of genes co-expressed with the unknown. Such a strategy was applied herein with a focus on genes linked to each TF in the GCNs (Fig. 2) . However, due to sparse annotation, only 50% of T. lutea genes have been associated to putative functions, which significantly limits standard assignation procedures. The present study overcomes this weakness by prioritizing genes involved in the T. lutea 2Xc1 phenotype. First, genes related to lipid and carbohydrate content regardless their annotation were identified. For this purpose, a weighted gene co-expression network was built based on the twelve RNAseq samples using the WGCNA R package [33] . Based on the WGCNA data, the genes for which the expression profile was correlated to the variation of lipid or carbohydrate content were identified. The genes were then prioritized (or ranked) following this correlation coefficient. These genes are likely to be related to lipid and carbohydrate content because their expression follows the variation of these physiological parameters.
Moreover, in co-expression modules such as those identified by WGCNA, the more highly connected genes (called "hub genes") were shown to play a critical role in the cellular function of the whole module [44] [45] [46] making of these genes very interesting candidates. Consequently, the hub genes of the modules found to be significantly correlated to lipid and carbohydrate content were thought to be functionally related to these two parameters. Therefore, these hub genes were added to the gene prioritization. Following the WGCNA standard procedure, the 15,333 expressed genes were clustered into 20 modules of co-expressed genes (Fig. 3a) .
The first principal component of each identified module, called the eigengene, describes the eigen expression profile of a given module. This signal is then correlated with physiological traits of interest (i.e., cell carbohydrate and storage lipid content dynamics) to decipher three modules of physiological interest (Fig. 3b) , respectively).
Three TFs (LIM_1, MYB-3R and MYB-2R_14) belong to the LR module and therefore constitute interesting candidate regulators of the cell storage lipid content in T. lutea, of which MYB-2R_14 TF is particularly notable as it is only expressed in the mutant strain.
In addition, a complimentary Gene Ontology (GO) enrichment was performed to identify functions significantly more represented in genes modules (p-value < 0.05). Eighteen GO terms were enriched in the LR, 20 in the CR1 and 24 in the CR2 module (see Table S4 for details). However, such a result should be moderated by the fact that among the gene contents of each module (i.e., 445, 115, 262 genes for the LR, CR1, and CR2 modules, respectively) on average only 39% have a putative associated function (37%, 42%, 41% for LR, CR1, CR2, respectively), due to standard mis-annotations of non-model species. It is noteworthy that these GO results also suggest diverse functions that are not only directly linked to storage lipid and carbohydrate contents, thus reinforcing the interest of a network analysis that is, by essence, less sensitive to annotation flaws. In particular, WGCNA identifies 284 genes linked to storage lipid and carbohydrate content dynamics regardless of their annotation. Among these genes, 33% show putative functions (see Table S5 
Co-expression network analysis of differentially expressed genes
To identify major TFs involved in the mutant phenotype, the putative functions represented in each cluster (Tables S6 and S7) were compared between the WTc1 GCN and the 2Xc1 GCN. The proportion of prioritized genes among the genes co-expressed with a TF in the WTc1 GCN (exact test of Fisher) was compared to the proportion of prioritized genes among the genes co-expressed with the same TF in the mutant GCN. This enrichment of prioritized genes completed the functional annotation and further linked the candidate TFs to the mutant phenotype (Fig. 4) . Among the DEGs used for the GCN construction, a total of 35 genes were selected following the gene prioritization: 14 related to cell storage lipid content and 21 related to cell carbohydrate content (Table 1) .
The purple cluster, driven by the Fungal-TRF_8 TF, shows similar functions for both strains, whereas the blue, red and green clusters show functions specific to the 2Xc1 strain: the blue cluster, driven by the HB-other_9_PAS TF, emphasizes gene functions related to (i) transport with a magnesium ion transporter (p-value = 2.99 e
) and vacuolar protein sorting-associated protein 35 (p-value = 4.66 e − 3 ) Fig. 4 . Workflow representing the strategy used to identify the candidate TFs. First, (1) the differentially expressed genes (DEGs) between the two strains were identified and highlighted seven TFs, two of which were only expressed in the mutant strain. (2) These DEGs were used to build the gene co-expression network (GCN) representing the transcriptional response of each strain to nitrogen deprivation. (3) To pinpoint the putative role of the TFs in the mutant phenotype, the functional annotation of their co-expressed genes was carried out in both networks. Then, the comparison of the two GCNs highlighted some functions present in the genes co-expressed with a TF in the 2Xc1 GCN but absent from the genes co-expressed with the same TF in the WTc1 GCN. Due to standard mis-annotation inherent to non-model organisms, the preceding functional annotation was completed by (4) a gene prioritization based on weighted gene correlation network analysis (WGCNA). Identifying genes related to mutant phenotype features regardless of their functional annotation, this gene prioritization is a good complementary strategy for candidate TF selection. The enrichment of prioritized genes in the genes co-expressed with each TF was then calculated and the two GCNs compared to pinpoint some candidate TFs. TFs with 2Xc1-specific expression are underlined in the figure. TFs pinpointed by the gene prioritization enrichment analysis are shown in bold.
involved in the endosome-to-Golgi retrieval cargo transport pathway; (ii) protein glycosylation (p-value = 1.39 e ), involved in triacylglycerol (TAG) synthesis in nitrogen deprivation conditions [50] , as well as a mannose-6-phosphate isomerase (p-value = 2.33 e
) and an enolase (p-value = 1.62 e − 2 ) involved in carbohydrate synthesis are among the genes co-expressed with the HB-other_9_PAS TF. All these highlighted genes were positively correlated to HB-other_9_PAS TF. In the red cluster, driven by the MYB-2R_14 and NF-YB_2 TFs, functions related to transport were enriched in the 2Xc1 GCN, with a gated ion-channel ligand binding domain containing protein (p-value = 3.54 e − 2 ) and a high affinity iron ion transporter (p-value = 1.02 e − 2 ), both negatively correlated to MYB-2R_14 TF. DNA repair was enriched, with two poly(ADP-ribose) polymerases positively correlated to both MYB-2R_14 and NF-YB_2 TFs (p-value = 1.93 e
), a DNA photolyase protein and a cryptochrome DASH family protein positively correlated to MYB-2R_14 TF (p-value = 7.05 e − 4 ) and involved in DNA repair with a specific action on pyrimidine dimers [51] . Photosynthesis was also enriched in the red cluster (p-value = 2.87 e − 4 ), with four genes involved in light harvesting positively correlated to MYB-2R_14 TF. Very interestingly, the MYB-2R_14 TF, which was only expressed in the 2Xc1 strain, is a hub gene (kME = 0.95) in the LR module and has an expression profile correlated with cell storage lipid content dynamics. Moreover, storage lipid-related prioritized genes were enriched among the genes co-expressed with both MYB-2R_14 and NF-YB_2 TFs in the 2Xc1 GCN (Fisher's exact test, p-value < 0.05), but not in the WTc1 GCN (Table S8 ). More broadly, in this red cluster, 43% of MYB-2R_14 co-expressed genes belonged to the LR module. Among the gene co-expressed with NF-YB_2 TF, 15% belonged to the LR module in the WTc1 GCN, but this portion rose to 48% in the 2Xc1 GCN. In the green cluster, driven by MYB-2R_20, MYB-rel_11 and GATA_2 TFs, the functions enriched in the 2Xc1 GCN were more diverse than those enriched in the blue and red clusters. However, functions related to carbohydrates were enriched, with an UDP-glucose pyrophosphorylase involved in carbohydrate synthesis and positively correlated to both MYB TFs. Three functions involved in nitrogen utilization under nitrogen deprivation conditions were among the enriched functions: nitrogen uptake with an ammonium transporter (positively correlated to both MYB TFs), and cellular nitrogen remobilization with genes involved in protein degradation (three positively correlated to both MYB TFs, one of which also negatively correlated to GATA_2 TF) and a urea transporter (positively correlated to both MYB TFs). Moreover, in the 2Xc1 GCN, carbohydrate-related prioritized genes were enriched among the genes co-expressed with MYB-rel_11 (p-value = 2 e − 2 ), although the p-value was slightly higher for MYB-2R_20 (p-value = 9 e − 2 ) (Table S8) . No enrichment was found in the WTc1 GCN.
Interestingly, the functions identified in the blue, red and green clusters did not overlap in the WTc1 strain (Fig. 5a) , whereas, in the mutant strain, functions identified in the green cluster partly overlapped with those of the blue and red clusters (Fig. 5b) . This functional overlap suggests a combinatorial role of the TFs driving these three clusters (HB-other_9_PAS, MYB-2R_14, NF-YB_2, MYB-2R_20, MYB-rel_11 and GATA_2) in the mutant phenotype. For microalgae grown under nitrogen deprivation, the high-affinity nitrate/nitrite transporters (Nrt2) are also known to be involved in the enhancement of nitrogen uptake efficiency [52] [53] [54] . Four Nrt2s were previously identified in T. lutea [55] , but their nucleotide sequences are too similar to be differentiated during transcriptomic analysis, resulting in a biased expression quantification. In order to further characterize the involvement of MYB-2R_20 and MYB-rel_11 TFs in key mechanisms such as nitrogen uptake and recycling, a real time PCR approach was used.
MYB-2R_20 and MYB-rel_11 TF gene expression monitoring during the dynamics of a nitrogen spike
To further characterize the role of MYB-2R_20 and MYB-rel_11 TFs in T. lutea strain 2Xc1, their gene expression was monitored together with the four Nrt2 transporter coding genes identified in T. lutea. Moreover, two interesting genes were added to this analysis: Periplasmic L-Amino-Acid Oxidase (PLAAOx) and Coccolith Scale Associated Protein (CSAP). Both these genes encode proteins previously identified to be up-accumulated during nitrogen limitation in the WT strain [23] . The expression of these eight genes was monitored in the 17 Algal Research 30 (2018) [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] samples taken for each strain during the nitrogen spike (Fig. 6) . A cross-correlation was performed to identify co-expression relationships. In both strains, the three genes PLAAOx, CSAP and Nrt2.1 are highly co-expressed (Table 2 ). In the WTc1 strain, only the MYB-2R_20 expression profile was correlated with that of PLAAOx, CSAP and Nrt2.1 genes (Table 2 ). However, in the 2Xc1 strain, the co-expression between MYB-2R_20 and, respectively, PLAAOx, CSAP and Nrt2.1 was strengthened (higher coefficient correlations and lower p-values, see Table 2 ). Interestingly, MYB-rel_11 TF was only co-expressed with PLAAOx, CSAP, Nrt2.1 and MYB-2R_20 in the mutant strain (Table 2) . Moreover, PLAAOx, CSAP and Nrt2.1 genes were down-regulated throughout the whole spike (Table S9 ).
Discussion
In this study, we identified TFs potentially involved in the establishment of the mutant phenotype of the 2Xc1 strain of T. lutea. Using RNA-seq data representing changes in nitrogen availability, DEGs between the two strains were identified and highlighted seven TFs. From these DEGs, a Gene Co-expression Network was built for each strain. Each network is a synthesis of the transcription response of a given strain to nitrogen availability variations. In order to assign a role to each TF in the establishment of the mutant phenotype, a gene prioritization was set up to complete the GO annotation. This ranking is based on WGCNA with the purpose of identifying genes linked to the features of the mutant phenotype (i.e., storage lipids and carbohydrates or content dynamics over time), regardless of their putative function. This complementary strategy allowed us to identify functions specific to the 2Xc1 strain.
TF candidates for establishing the mutant phenotype
The TF families for which members were differentially expressed in the mutant strain (MYB, NF-Y, GATA, HB and Fungal TRF) were described to be involved in nitrogen deprivation-related processes. Members of MYB-related, HB and GATA families were found to be regulatory hub genes to nitrogen deprivation in the green alga Chlamydomonas reinhardtii [56] . More precisely, two MYB-related TFs were described to be related to photosynthesis, carbohydrate metabolism, amino acids and lipid metabolism through TAG synthesis. A GATA TF was linked to amino acids and central metabolism [56] . An HB TF was linked to protection against photo-oxidative stress, carbohydrate metabolism, citrate and glyoxylate cycles, and lipid metabolism [56] . Moreover, in the same study, members of the NF-YB family were found to be activated in response to nitrogen deprivation [56] . In the red alga Cyanidioschyzon merolae, an MYB-2R TF was shown to be involved in the regulation of N assimilation under N-depleted conditions [57] . A few studies have identified the Fungal TRF family in algae [25, 58] . This family was first identified in fungi and consequently extensively studied in these organisms. One member of this group was identified as a regulator of a lipase coding gene in Aspergillus oryzae [59] . Other fungal TRFs have been linked to nitrogen metabolism and assimilation in yeast and fungi in general [60] [61] [62] .
The two GCNs built from the DEGs illustrate the transcriptional regulations underlying the response of each strain to nitrogen deprivation. Consequently, the 2Xc1 GCN driven by TFs belonging to families known to be involved in nitrogen-related processes is likely to be at least partly responsible for the mutant phenotype. To identify the potential role of each TF in the establishment of this phenotype, the functional annotation of the co-expressed genes was completed by gene prioritization, based on WGCNA data. The functions enriched in these three modules were diverse.
Such a functional diversity is explained by the overall reorganization of the metabolism driven by changes in nitrogen availability. These conditions are already known to induce various changes in gene expression and metabolic re-modelling, which are not necessarily directly related to lipid or carbohydrate biosynthesis [56, 63, 64] .
WGCNA-based gene prioritization, a way to identify phenotypically relevant genes
To evaluate the relevance of gene prioritization via WGCNA, a GO enrichment was carried out for the 284 prioritized genes (Table S5) . This analysis showed an enrichment for carbohydrate and chlorophyll metabolism, which are known to be impacted at gene, protein and chlorophyll content levels in algae grown under nitrogen deprivation [50, 56, [64] [65] [66] . Ubiquitin-dependent protein degradation as well as tRNA and mRNA processing were also enriched. These functions illustrate the impact of nitrogen deprivation on cell mRNA and protein content, which are largely impacted in order to limit nitrogen utilization [64, 66, 67] . Finally, the protein-arginine deiminase identified in the T. lutea genome was selected by the gene prioritization. This enzyme produces ammonia from arginine and, interestingly, arginine content was decreased in C. reinhardtii cells grown under nitrogen and MYB-2R_20 TFs in the 2Xc1 strain during the second nitrogen spike. The nitrogen injection was carried out 30 min after the first sample represented in this graph. Gene expression was normalized using two housekeeping genes. Relative gene expression was assessed using the steady state preceding the spike as a reference condition. deprivation [64] . A nutrient-limiting growth environment creates selective pressure so that cellular demand for the limiting nutrient is minimized [68] . Therefore, this mechanism is a part of an optimization of the proteome amino acid content under nitrogen deprivation since arginine contains three nitrogen molecules in its side chain [69] . The prioritized genes are related to storage lipids and carbohydrate content dynamics in T. lutea, which are induced by nitrogen deprivation. The fact that the functions enriched are known to be involved in the algal nitrogen deprivation response suggests that the WGCNA-based gene prioritization is a relevant strategy to identify genes related to a physiological feature. Consequently, network analysis appears to be a relevant strategy to emphasize biologically meaningful results, coping with functional annotation issues that occur in non-model organisms.
Analysis of the co-expression network of differentially expressed genes identified TFs potentially involved in mutant phenotype-specific functions
The complementary association of the functional annotation coupled with the gene prioritization allowed us to identify functions specific to the 2Xc1 GCN strain (Fig. 4) . This assigned a putative role in the mutant phenotype establishment to six TF candidates. The HBother_9_PAS TF was linked to functions involved in protein degradation, maturation and trafficking. Under nitrogen deprivation, algal proteomes are largely impacted, in particular through the decrease of protein synthesis and the increase of proteolysis [66, 67, 74] . These mechanisms make it possible to reduce nitrogen utilization and supply energy to the synthesis of carbon storage compounds [66, 74, 75] . The presence among the genes co-expressed with this TF of a diacylglycerol O-acyltransferase involved in TAG synthesis in nitrogen deprivation conditions [50] , as well as an enolase and a mannose-6-phosphate isomerase involved in carbohydrate metabolism, strongly point towards proteome remodelling and carbon storage compound synthesis.
For MYB-2R_14 and NF-YB_2 TFs, which drive the red cluster, functions related to DNA repair with a specific action on pyrimidine dimers were identified. These pyrimidine dimers are induced by UVlight irradiation and also by oxidative stress [76] , which is induced by nitrogen deprivation in algae [77] . Moreover, oxidative stress is thought to mediate lipid accumulation under nitrogen deprivation in green algae [78, 79] , but the underlying mechanisms are still unclear. One hypothesis concerning this relationship is that TAG synthesis may consume excessive photoassimilates that are unused because of the nitrogen deprivation, thus preventing oxidative stress [80, 81] . Interestingly, photosynthesis is also enriched in the red cluster with four proteins involved in light harvesting. Under nitrogen deprivation, the photosynthesis is largely impacted at mRNA, protein and physiological levels [50, 56, [64] [65] [66] . These functions converge towards the linking of MYB-2R_14 and NF-YB_2 TFs to photosynthesis and oxidative stress response, possibly through TAG synthesis. This was reinforced by the enrichment of genes prioritized for their link to cell storage lipid content dynamics among the genes co-expressed with these TFs in the mutant strain.
MYB-2R_20, MYB-rel_11 and GATA_2 TFs, driving the green cluster, were linked to carbohydrates with an UDP-glucose pyrophosphorylase. In haptophytes, carbohydrates can be stored in the form of chrysolaminarin [82, 83] . Very interestingly, UDP-glucose pyrophosphorylase is thought to be a rate-limiting enzyme playing an important role in carbon allocation and chrysolaminarin synthesis in the diatom P. tricornutum [84] . In addition to carbohydrate synthesis, an ammonium transporter, a urea transporter and genes involved in proteolysis were linked to MYB-2R_20, MYB-rel_11 and GATA_2 TFs. Protein degradation allows recycling of the nitrogen from proteins and is assumed to feed carbon storage compound synthesis in response to nitrogen stress in microalgae [66, 74, 75] . The urea cycle is also used for intracellular nitrogen recycling in diatoms [85] as well as in the model haptophyte Emiliania huxleyi [86] .
These results strongly suggest an involvement of GATA_2 and, especially, MYB-2R_20 and MYB-rel_11 TFs in carbon recycling, feeding chrysolaminarin synthesis in the mutant strain. This idea is strengthened by an enrichment of prioritized genes with a link to cell carbohydrate content among the genes co-expressed with these TFs. An involvement in nitrogen uptake and recycling, key mechanisms in algal response to nitrogen deprivation, is also strongly suggested. Since a functional confirmation is not possible by knock-down or knock-out because these tools are not developed yet in T. lutea, we used a bioinformatic approach to provide more clues concerning the reliability of the GCNs. With this purpose, the identification of motifs corresponding to known TFBS of TFs belonging to the same families of GATA_2, Fungal-TRF_8, MYB-related_11, MYB-2R_14, MYB-2R_20 and NF-YB_2 in the promoting sequences of their respective co-expressed genes suggests (1) that the GCNs and their subsequent clustering are reliable, and (2) that some of the genes co-expressed with the TFs may be regulated by these TFs. Moreover, the motif found in the promoting sequences of MYB-2R_14 putative target genes is bound by the MYB30 TF of A. thaliana which is known to be involved in lipid synthesis [42] . Given the suggestion that some of the genes co-expressed with this TF could be targeted by it, this function strengthens the link of MYB-2R_14 to lipid content in the mutant strain. The same functional convergence is found for the MYB-2R_20 TF for which a motif bound by the MYB83, involved in polysaccharide synthesis in A. thaliana [43] was identified.
However, since the relations between the TFs and putative target genes are inferred from co-expression (i.e., correlation based), they require further confirmation. Nevertheless, the advantage of using coexpression network is that the modules identified group co-expressed genes that are often involved in the same pathway or response [87] . Such analysis allows the understanding of mechanisms involved in a process or a phenotype [88] [89] [90] . Thus, co-expression networks were successfully used to identify TFs involved in the response of the microalga C. reinhardtii to nitrogen deprivation [56] . Target genes of the mouse TF Hoxc8 [91] , as well as TFs involved in seed longevity of Medicago truncatula [92] were also identified using co-expression. Such studies prove that co-expression network analysis is an accurate and meaningful method to decipher key mechanisms and their cognate regulators in the context of the present work.
It should also be noted that gene expression regulation is a very complex process involving many actors working in combination [93] . The impact of these gene expression modifications could be modulated by post-transcriptional modifications involving, for example, microRNA [94, 95] . Post-translational modifications such as riboswitches [96] , RNA-proteins interactions [97, 98] or tRNAs disponibility [99] could also modulate proteins production. Concerning the impact of TFs on the mutant phenotype, the regulation of their activity could also have a role. TFs activity is regulated by post-translational modifications such as acetylation [100] , phosphorylation [101, 102] , sumoylation or ubiquitination [103, 104] . An upregulation at the transcriptional or translational level of a TF would not have an impact on the cell functioning in the case of activation or inactivation by such regulatory modifications [105, 106] .
MYB-2R_20 and MYB-rel_11 TFs are linked to nitrogen uptake and recycling under nitrogen deprivation
The q-RT-PCR analysis showed a co-expression of MYB-2R_20 and MYB-rel_11 TFs with the Nrt2.1 coding gene. This confirmed the potential link of these two TFs to nitrogen uptake in the mutant strain. Interestingly, the MYB-rel_11 TF was only co-expressed with PLAAOx, CSAP, Nrt2.1 and MYB-2R_20 in the mutant strain (Table 2) , suggesting a specific role of this TF in T. lutea 2Xc1. Moreover, PLAAOx, CSAP and Nrt2.1 genes were down-regulated throughout the whole spike (Table  S9 ). This differential expression suggests a different role of these three genes in the response of the two strains to nitrogen deprivation.
The high co-expressions of PLAAOx, CSAP and Nrt2.1 with each other, as well as their respective co-expression with MYB-2R_20 TF in both strains, may suggest that this TF could be involved in the co-regulation of these three genes in both WTc1 and 2Xc1 strains. However, MYB-rel_11 TF was only co-expressed with PLAAOx, CSAP and Nrt2.1 genes in the 2Xc1 strain. This strain-specific co-expression may suggest that MYB-rel_11 TF is involved in the differential expression of these three genes in the mutant strain. MYB-rel_11 could exert this effect by: (i) the direct gene expression regulation of PLAAOx, CSAP and Nrt2.1 coding genes in coordination with MYB-2R_20 (Fig. 7a); (ii) the regulation of MYB-2R_20 TF gene expression which, in turn, regulates the expression of PLAAOx, CSAP and Nrt2.1 coding genes in a regulatory cascade (Fig. 7b) ; or (iii) the expression regulation of MYB-2R_20 together with PLAAOx, CSAP and Nrt2.1 coding genes in a feed forward loop, strengthening the regulation of these three genes (Fig. 7c) . In this later hypothesis, the role of the two TFs could be reversed in the feed forward loop: MYB-2R_20 regulating the expression of PLAAOx, CSAP and Nrt2.1 coding genes directly and via the regulation of MYB-rel_11.
Since the relations between the TFs and their putative target genes are inferred from co-expression, they remain subject of further investigations. It should be also noted that gene expression regulation is a very complex process involving many actors working in combination [68] . Consequently, the role of the MYB-2R_20 and MYB-rel_11 TFs is likely to be a part of the picture but not the only mechanism of Nrt2.1, PLAAOx and CSAP gene expression regulation.
In addition to these regulatory specificities, the expression profiles of PLAAOx, CSAP and Nrt2.1 coding genes are specific and seem to be dependent on the physiological state of the microalgae. Their expression is decreased or repressed quickly following the nitrogen spike (Fig. 6 ) and then increases gradually as the microalgae absorb the injected nitrogen (nitrogen repletion conditions) and the N/C ratio stabilizes (Fig. 6) .
This high N/C ratio is the consequence of the absorption of the injected nitrogen by microalgae. Consequently, as the N/C ratio increases, nitrogen availability decreases. This expression dependent on the nitrogen availability was already shown for the Nrt2.1 transporter in T. lutea [55] . These high-affinity transporters allow an increase of nitrogen absorption during its scarcity in the medium and, consequently, provide a nitrogen supply. The fact that the PLAAOx and CSAP coding genes have the same expression behaviour suggests a function related to the nitrogen availability. This function has also been suggested by other studies, since a homologous protein of the PLAAOx was involved in the response of C. reinhardtii to nitrogen deprivation [107, 108] and was thought to provide ammonia from amino-acid deamination. Moreover, a homologous gene of CSAP was differentially expressed in P. tricornutum under nitrogen deprivation and thought to be involved in carbon homeostasis because of its putative decarboxylase function [109] .
Conclusions
The analysis and comparison of the differentially co-expressed gene network of T. lutea strains WTc1 and 2Xc1 identified candidate TFs potentially involved in the phenotype establishment of the mutant strain. In particular, the MYB-2R_14 and NF-YB_2 TFs seem to be involved in photosynthesis through light harvesting as well as oxidative stress responses and prevention, possibly through TAG synthesis. The GATA_2, MYB-rel_11 and MYB-2R_20 TFs are likely to be involved in nitrogen uptake and carbon and nitrogen recycling, feeding carbohydrate synthesis in the form of chrysolaminarin. The real time PCR analysis further characterizes the role of MYB-rel_11 and MYB-2R_20 TFs in nitrogen uptake and their potential involvement in carbon and nitrogen recycling.
The MYB-2R_20 TF is likely to regulate PLAAOx, CSAP and Nrt2.1 gene expression in both strains, participating in their co-expression. In the 2Xc1 strain, MYB-rel_11 TF may act either coordinately with MYB-2R_20 TF or as a master regulator (Fig. 7) to regulate the expression of PLAAOx, CSAP and Nrt2.1 genes, resulting in their differential expression. The fact that these three genes are co-expressed and have an expression profile dependent on nitrogen availability suggests an involvement in the nitrogen deprivation response. The action of these three genes could provide nitrogen as well as carbon resources, allowing the microalgae to cope with nitrogen deprivation. Moreover, since MYB-rel_11 TF was linked to cell carbohydrate content by the gene prioritization and functional annotation of these co-expressed genes, the carbon resources provided may be directed towards carbohydrate synthesis. Finally, the q-RT-PCR confirmation of the putative role of MYB-2R_20 and MYB-rel_11 TFs shows that our co-expression networkbased strategy is sufficiently accurate to identify TFs potentially involved in the establishment of a mutant phenotype and characterize their putative function. Although the putative role of these TFs needs to be confirmed by further functional investigations and modelling that consider gene regulations per se, the MYB-rel_11 TF is nonetheless an interesting candidate in the response of T. lutea to nitrogen deprivation.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.algal.2017.12.011. Fig. 7 . Hypotheses for the regulatory action of MYB-rel_11 in the 2Xc1 strain. MYB-rel_11 and MYB-2R_20 are represented by blue circles and the potential target genes PLAAOx, CSAP and Nrt2.1 by orange squares. a) Combinatorial regulation of the target genes by the two TFs. b) Cascade regulation in which MYB-rel_11 regulates the three target genes through that of MYB-2R_20. c) Feed forward loop in which MYB-rel_11 regulates the three target genes both directly and through the regulation of MYB-2R_20. In the feed forward loop, the role of the two TFs could be reversed. Comparatively, in the WTc1 strain, MYB-2R_20 seem to be the only direct regulator despite the co-expression of both TFs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) thank the Biogenouest genomic platform for transcriptome sequencing. This work was supported by the French region of Pays de la Loire and the French Research Institute for Exploitation of the Sea (IFREMER). There are no non-financial competing interests. The funders had no role in study design, data collection and analysis, the decision to publish or preparation of the manuscript. 
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